Introduction
One of the key technologies in the extraction of hydrocarbons is the process of drilling wells. This is an irreproducible non-stationary non-linear stochastic-chaotic process that evolves over time under the influence of disturbances, which requires making optimal control decisions under conditions of a priori and current uncertainty about the parameters and structure of the object. The object is related to the class of MI-MO (multiple input-multiple output).
The basic optimality criterion of the well drilling process is the cost per meter -C-criterion. The models of C-criterion in the parameter space of a drilling mode (axial force on bit F, bit rotation frequency ω and the consumption of washing fluid Q) are typically characterized by a unimodal form [ 
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where T is the duration of drilling a well, t∈T; C T is the current value of the cost per meter of drilling; u are the controlling actions (drilling mode parameters); f are the controlled and uncontrolled disturbances (strength, hardness, abrasivity, rock drillability, ductility of rocks, etc.; reservoir pressures, friction in a column of drill pipes in a well, etc.); It should be noted that the current value of the cost per meter of drilling also depends on the price and durability of rock cutting tools, drilling depth, time spent on the lowering-lifting and auxhilary operations; energy consumed by the drives of a rig. The impact of each factor on the cost of drilling is quite significant and it should be taken into account when optimizing the process of control over drilling on-line and selecting the criterion of optimal management.
The task of optimizing the process of control over drilling is complicated by the fact that the models employed to calculate the cost per meter of drilling include the duration of drilling with one bit and the footage per bit. However, they can be defined only upon completing the bit run, bits, which lasts for several tens of hours.
That is why such additional criteria are used as the maximum of run drilling speed When drilling in low depths, there is a significant difference between the performance indicators obtained when using the criteria of minimal cost per meter of drilling and maximal run drilling speed and maximal footage per bit. In the large depths, however, this difference is very small and it can be neglected.
The use of different optimization criteria, which change one by one in a certain sequence depending on the depth of a well, complicates the process of determining the cost per meter of drilling and estimating the total expenditures on drilling a well.
However, to measure the cost per meter of drilling a well in real time is impossible since the conditions of drilling are not stable. Therefore, it is a relevant scientific-applied task to identify relations between the cost per meter of drilling and other indicators, for example, specific summarized energy cost, which can be controlled on-line using modern technical means.
Literature review and problem statement
The problem of automated control over the process of drilling oil and gas wells has been the object of constant attention from foreign researchers. 2009 saw successful implementation of the SCADA Drill system to control the process of drilling by the company Shell, the ultimate goal of which was to expand capabilities of the system for different purposes of drilling [2, 3] . Specialists from Schlumberger developed a module for the ROPO optimization of deepening a well. It operates in real time and determines optimal values for the bit speed rotation and the load on the bit in a set of complex of restrictions for reaching the maximum speed of drilling [4] . The Schlumberger company developed several programs to accelerate drilling and control the trajectory of drilling. They aim at improving productivity as well as overall management of the process of drilling a well [5] .
In 2008, a drilling control automated system was tested on the platform Statfjord C in the Norwegian zone of the North Sea [6] . This technology aims to reduce the non-productive time during drilling operations by entering the operational data into the system directly on the drilling equipment, automation of auxiliary operations in the management of drilling and identification of emergency situations.
Some issues on the automation of the drilling process, in particular interrelations with other sectors of industry [7] , were discussed at the international conference in Amsterdam. Automation experts studied the role of bits in obtaining the information about the process of deepening a well [8] , the results of testing the drilling process automation systems on the fields of Argentina [9] . Further development of the drilling process automation [10] , the prospects of developing the control over drilling in real time [11] were considered and examined by scientists in Norway, Argentina, Austria, Mexico, Great Britain, the USA and other countries.
Significant contribution to the studies into this problem was made by the Ukrainian scientists. Optimal control over the process of drilling with one controlling action (axial force applied to a bit) was explored in article [12] . Paper [13] proposed a fuzzy model for monitoring the cost of drilling oil and gas wells. The optimal consumption of a washing fluid for drilling the wells of diameter 215.9 mm was examined in article [14] . Development of methods for the signal identification of rock drillability in real time was outlined in paper [15] .
The development of models for managing the process of drilling deep wells based on fuzzy logic was proposed in [16] .
At the same time, still insufficiently developed are the scientific and methodological provisions for assessing the multicollinearity of basic criteria for the optimal control over the process of drilling the wells, which are the cost per meter of drilling and specific energy consumption, as well as the substantiation of applying the energy-informational approach to manage the process of drilling in real time.
The aim and tasks of the study
The aim of present work is the substantiation for using in order to control the process of drilling the wells a criterion of "minimum specific energy consumption" based on the analysis of interrelations between this criterion and the cost per meter of drilling.
To achieve the set aim, the following tasks were formulated:
-to analyze interrelations between such criteria of optimal control over the process of drilling the wells as the cost per meter of drilling and specific energy consumption; -to establish the degree of completeness of multicollinearity among the examined criteria; -to compile the recommendaions for the criterion of optimal control over the process of drilling the wells with regard to the energy-informational approach.
Materials and methods of research
The following methods, approaches and techniques for the study of complex control objects form the methodological basis of present work:
-theoretical foundations of analysis of the multicollinearity of independent variables and its impact on the estimation of parameters of mathematical models for the objects of control;
-criteria and algorithms that are employed to identify the multicollinearity; -methods of describing the informational and technological processes of drilling the oil and gas wells.
Methodological apparatus is the energy-informational approach and the theory of random processes, based on which we substantiated the choice of rational criterion for the optimal control over the process of drilling the oil and gas wells.
In this paper, we used a totality of methods and techniques:
-the Farrar-Glauber Test -to determine the degree of multicollinearity;
-the Curve and Expert method and technology -for examining the informational models;
-graphic method to visualize the resulting theoretical material.
Analysis of multicollinearity among the criteria of optimal control over the process of drilling the wells
In order to analyze, we shall use results of experimental studies [17] carried out when drilling the wells by the drilling machine 2SBSh-200N with controlled mode parameters. The type of drive of the rotary table is TP-DTP, technical performance -up to 90 m/h, mean stability of roller cutting bits -391 m (footage per bit), the type of control system is "Rezhim 2NM".
The ranges of change in the drilling mode parameters in the course of active experiment were as follows: 2 F 300, < < kN; 0,2 2,4, < ω < s -1 ; 0,05 Q 0,45, < < m 3 /s.
The category of rock strength is f=6÷8 by the scale of Prof. Protodyakonov.
Within the framework of interrelations between the criteria of optimum control based on the identification of the phenomenon of multicollinearity, let us first consider the statistical totality of observations of factors -C and w during a change in the axial force on bit F. We shall introduce the following designations:
Compute the mean values and standard deviations of variables X 1 , X 2 . For this purpose, we shall use formula [18] :
where j X is the mean value of the j-th variable; X ij is the individual value of the j-th variable; j is the number of variable (j=1, 2); i is the number of point of observation (axial force on the bit); δ i is the standard deviation of the j-th variable; n is the number of observations (n=16).
We shall consider normalized values of variables C and w, which are given in Table 1 . Let us check the existence of multicollinearity between the cost per meter of drilling C and specific energy consumption w. For this purpose, we shall apply the FarrarGlauber algorithm [18] [19] [20] [21] . This algorithm has three types of statistical criteria, according to which the multicollinearity is checked from the entire array of independent variables (χ 2 ), of each independent variable with the rest of the variables (F-criterion) and of each pair of independent variables (t-criterion).
All the computations are conducted in the MS Excel software. Let us perform interim calculations and enter the data in Table 2 , 3. Table 3 Interim calculations (continued) We shall normalize variables X 1 and X 2 by using the "STANDARDIZE" functtion in MS Excel. For this purpose, let us apply formula [18] :
where n is the number of observations in the sample (i= =1,2,...,n); n=16; m is the number of independent variables (m=2); j X is the arithmetic mean of the j-th independent variable; j 2 X σ is the dispersion of the j-th independent variable; * ij X are the normalized independent variables that are components of matrix X * : * * ij X X . ∈ Thus, we received 
where (X * ) T is the matrix, transposed to matrix X * whose elements characterize the density of bond between one independent variable and another; χ > χ (16.003>3.8), we conclude that there is the multicollinearity in the array of examined variables.
Next we shall compute F -the Fischer criterion by determining the matrix of C-errors, which is inverse to the correlation matrix r, by using the "MINVERSE" function [18] : The existence of multicollinearity between criteria C and w is confirmed by the information models, built in the Curve Expert programming environment by the results of experimental studies (Table 4 , Fig. 1, 2) . Next, we analyze the existence of multicollinearity between the cost per meter of drilling and specific energy consumption w at a change in the bit rotation frequency ω from 0.25 to 2.375 s -1 (Table 5 ). Let us check the existence of multicollinearity between the cost per meter of drilling C and specific energy consumption w. To check it, we shall again apply the Farrar-Glauber algorithm. All the computations are in the MS Excel software. Perform interim calculations and enter the data in Table 6 , 7. Table 7 Interim calculations (continued) Let us normalize examined variables X 1 and X 2 by using the "STANDARDIZE" function in MS Excel. χ > χ (30.011>3.8), then we conclude that there is the multicollinearity in the array of variables X 1 and X 2 .
We shall determine matrix C, which is inverse to the correlation matrix r, by using the "MINVERSE" function: Using matrix C, we compute partial correlation coefficients by formula (7): ( ) 12 6,412 r 0,925. 6,932 6,932
Therefore, the obtained correlation coefficient shows that there is the multicollinearity between the variables since r 12 is close to 1.
Based on the obtained partial correlation coefficient, we find the estimated value of the Student t-criterion by formula (8): 12 2 0,925 18 2 t 9,742. 1 0,925
The computed value of the t-criterion shall be compared to tabular value (t table =1.746) when the level of significance is 0,05 α = and the degree of freedom is 2 k n m 18 2 16. = − = − = Since t 12 >t table (9.742>1.746), it can be argued that there is the multicollinearity in variables X 1 and X 2 at a change in the bit rotation frequency in the range of 0.25-2.375 s -1 .
Using experimental data (Table 8) , we shall construct information model for the dependences С=f(ω) and w=f(ω) in the Curve Expert programming environment (Fig. 2) . One can see that the information models 4th Degree Polinomial Fit and 3rd Degree Polinomial Fit describe experimental data with correlation coefficient r=0.998 and standard approximation error S=0.007 for model С=f(ω), and S=0.009 for model w=f(ω). Table 8 Source data for constructing information models С=f(ω); w=f(ω) Next, we consider the multicollinearity of the examined variables C and w when the third controlling action changes -consumption of a washing solution. The normalized values of variables are given in Table 9 . Perform interim calculations and enter the data in Table 10 , 11. Table 11 Interim calculations (continued) Let us normalize the examined variables X 1 and X 2 by using the "STANDARDIZE" function in MS Excel. For the visual representation of the received result, let us consider information models С=f(Q),w=f(Q) obtained in the Curve Expert programming environment by experimental data (Fig. 3, Table 12 ). An analysis of the information shown in Fig. 3 , a, b reveals that the approximation of curves С=f(Q) and w=f(Q) was performed by the information models 4th Degree Polinomial Fit with a high correlation coefficient r=0.999 and standard error S=0.002. However, the minima of these dependences match different values of controlling action Q: for chart С=f(Q) -0.2, and for chart w=f(Q) -0.1, which is the reason for the absence of phenomenon of the multicollinearity for the given process. The benefit of results of examining the interrelations between the criteria of optimal control over the process of drilling the wells, the cost per meter of drilling and specific energy consumption, is that they provide for a substantiated choice of criterion of the optimization of the process of drilling the wells when creating an automated control system. The established interrelations between the criteria of optimal control make it possible to pass over to using the indicator controlled in real time (specific energy consumption) instead of the uncontrolled one -the cost per meter of drilling and thereby provide solution to the problem of optimal control over the process of drilling the wells on-line. Another advantage of the results obtained is the fact that the close relation between the examined criteria is observed when the two basic controlling actions change -the axial force on the bit and the frequency of its rotation.
The research results can be used in the automated control systems of rotary drilling of oil and gas wells on offshore platforms and on land.
The above research is to be improved in the future in order to refine the relationship criteria of optimal control over the process of drilling the wells at the change, over a wide range, of washing fluid consumption under different drilling methods.
Conclusions
1. Based on an analysis of the interrelations of criteria of optimal control over the drilling process, it was found that when controlling this process by altering the axial force to a bit or frequency of its rotation, there is a complete multicollinearity between the examined criteria. This solves the problem of choice as a criterion of optimization of specific energy consumption and provides its control in real time in the system of automated control over the process of deepening the wells with two controlling actions.
2. We established the degree of completeness in the multicollinearity between the examined criteria:
-at the change of axial force to a bit F: 3. We proposed a dualistic approach to solving the problem of optimal control over the process of drilling the wells in real time. This makes it possible, by applying the energy-informational approach, to directly process information on the specific energy consumption, and to provide intelligent support for the decision-making processes when a drilling master defines rational parameters of a drilling mode. Underlying the proposed approach are information models in the form of third-and fourth order polynomials that describe experimental data with correlation coefficients higher than 0.9 and standard errors lower than 0.01.
